We present new architectures in CH 3 NH 3 
Introduction
Organic lead halide perovskite solar cells (PSCs) have attracted great interest from the scientific and industrial communities due to rapid improvement in their photovoltaic performance as well as their low-cost and simple fabrication processes [1] [2] [3] [4] [5] [6] . PSCs are prime candidates for harvesting light not only under natural sun light but also under artificial indoor light illumination, as recently demonstrated [7, 8] , potentially providing power not only on large scale outdoor installations but also to operate small power electronic devices inside buildings [9] [10] [11] [12] including autonomous sensors and wireless devices. [8, 13, 14] PSCs consist of multilayer structures where the perovskite layer is sandwiched between two transport layers, one for electrons (ETL) and one for holes (HTL) . In order to obtain highly efficient and stable PSCs in the n-i-p configuration different metal oxides including TiO 2 , InO 3 , ZnO and SnO 2 have been developed as ETLs over the bottom transparent electrode [4] . TiO 2 represents historically the initial and most common choice for ETL and can be modified with interlayers [15, 16] . However, more recently SnO 2 has come to the fore, having not only higher electron mobility but also high optical transparency and a wider energy band gap compared to TiO 2 [17, 18] . The SnO 2 layer is deposited by spin coating and, importantly, annealed at low temperature which makes it useful also for developing PSCs on flexible substrates [19] or for modules with low embodied energy. Nevertheless, the performance of PSCs still suffers from surface trap states present at the interface of SnO 2 and the perovskite layer [20] which are responsible for charge recombination [21] [22] [23] . Solution-Processed SnO 2 /MgO Composite Layer based perovskite solar cells have never been reported previously,
with the exception of a very recent publication of which we became aware in the final stages of preparation of this manuscript [24] (nevertheless ours represents a new architecture for the ETL where the MgO is deposited over the SnO 2 leading to improved stability and unprecedented indoor performance as well as being deposited in more facile precursor liquid form in ethanol rather than nanoparticle form). Here we have introduced a thin layer of MgO (magnesium oxide) over the SnO 2 layer to tackle these issues and enhance further the performance of PSCs, reaching state of the art power conversion efficiency (PCE) under outdoor illumination and, we believe, the highest reported maximum power density for any photovoltaic cell under 200-400lx indoor illumination, both significantly higher than cells made with SnO 2 only ETLs. Furthermore, the shelf life stability was also improved using the composite ETL with the MgO overlayer.
Results and discussion
The device structure we developed is that of an ITO/SnO 2 /MgO/CH 3 NH 3 PbI 3 /SpiroMeOTAD/Au planar PSCs (see figure 1(a) ). The perovskite layer, CH 3 NH 3 PbI 3 was prepared via solvent engineering using a one-step spin coating process which lead to uniform and high quality films [25] . Spiro-MeOTAD (2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene) was used as HTL [22] . The SnO 2 ETL was deposited via spin coating over precleaned ITO substrates according to optimized procedures [4, 26] It is interesting to note not only that the application of the SnO 2 and SnO 2 /MgO layers over the ITO improve its transmittance ( Figure S3 (a) ) but also that the reflectance spectra ( Figure S3 (b) ) change when considering a full solar cell compared to just a glass/electrode sample where reflections occur not only at the bottom glass/air interface but also at the second glass/electrodes/air interfaces. These differences can be significant and can help explain apparent discrepancies when looking at transmittance of bare samples with EQE data from a full solar cell [31] . This is indeed an interesting avenue of research which should be investigated more precisely and in depth in the future. the MgO layers is that of improving the film quality and of decreasing the probability of pinholes which can be responsible for the loss of charge carriers due to exciton recombination at defective interfaces [32] . Note that the application of the SnO 2 layer twice, which may be an alternative route to decreasing the number of these recombination sites, does not lead to a similar Table S1 . The J-V dark curves provide useful information on the charge recombination and blocking process occurring at the interface between the electrode and perovskite layer of PSC devices [35] and are displayed in Figure 1 (c) . PSCs using only MgO as ETL show poor rectification behavior. PSCs with SnO 2 ETLs show much higher rectification and comparatively low current density measured in reverse bias (i.e. at -1V applied voltage) resulting in good hole-blocking behavior because of adequate film forming properties and high energy barriers for holes [36] . The
Figure 2. Top view SEM images of (a) ITO only, (b) SnO 2 film deposited on ITO substrate (ITO/SnO 2 ) and (c) MgO layer deposited on ITO/SnO 2 surface (ITO/SnO 2 /MgO). Atomic Force Microscopy (AFM) images of (d) ITO/MgO (together with ITO only, reported in inset), (e)
MgO-coated SnO 2 composite layer exhibited on/off current ratio (at +1V/-1V) of 3.02 × 10 2 which was significantly higher than that of the cell with only SnO 2 layer (8.27 × 10 1 ), leading to stronger rectification behavior. The optimum MgO layer over SnO 2 is very thin so that photogenerated electrons can be transported/tunnel through the MgO layer efficiently [23] . Looking at the whole batch of devices, higher rectification ratios are partly due to better blocking behavior This leads to better photovoltaic performance under 1 sun and crucially, indoor conditions, where the quality of the ETL plays a major role, even greater than under 1 sun, in determining light harvesting performance [7, 8] . The J SC vs incident light intensity (P in ) curves (see figure 4 (c)), also show a faster rise for the cells with the SnO 2 /MgO ETLs, emphasizing a reduction in charge trapping paths [47] and improvement in electron injection at the interface of the perovskite and bottom electrode in PSCs [48] . Figure 4 ( [7, 48] confirms that the MgO overlayer reduces recombination ensuring better performance of perovskite solar cells especially at low light intensities.
Figure 4. Measurements of planar perovskite solar cell based on ITO/SnO 2 and ITO/SnO 2 /MgO composite layers as ETLs. (a) Open Circuit Voltage Decay (OCVD) curves in dark, (b) OCVD curves under 1sun illumination, (c) Plot of current density verses incident light intensity (P inc/ [W.cm -2 ]) and (d) plot of V OC verses incident light intensity (P inc/ [W.cm -2 ]).
We performed long-term shelf life stability tests on the sample with the four best PSCs incorporating either the SnO 2 or the SnO 2 /MgO ETLs. The PSCs were stored in a dry box in air (relative humidity <30%) in the dark without any encapsulation to examine the shelf life stability over a period of 107 days. For each data point of Figure 5 only ̴ 2 times higher in relative terms) thus maintaining in time a better blocking behavior. Figure 6 . Maximum power density of crystalline silicon (c-Si) [9, 10] , amorphous silicon (a-Si) 3 ,
Figure 5. (a) Shelf life stability Test of ITO/SnO
GaInP [52] , dye-sensitized solar cells (DSSC) [52, 53] and perovskite solar cells (PSC [7] To conclude our discussion, we highlight the outstanding performance of the perovskite solar cells incorporating the ITO/SnO 2 /MgO electrodes as indoor light harvesters. Under indoor light conditions, the maximum power density (MPD) is a most important parameter which establishes which solar cell technology is valuable for applications such as consumer electronics, smart sensors etc requiring energy to be operated in indoor environments [9, 52] . Efficiency values may suffer from higher estimated errors so it is important to provide both. Lux levels from artificial lighting typically range between 100-200lx in corridors/living rooms going up to 300-500 lx in office environments [9] . The values of MPD from our new architecture PSCs (average MPD was Table 2 showing the unprecedented performance of the ITO/SnO 2 /MgO-based perovskite solar cells in this work. At these lux levels the MPD of our devices also outperform the recent report [53] for the best dye sensitized solar cells which show an average MPD of 13.5µW/cm 2 (estimated PCE of 22.0%) at 200 lx. The efficiency is reported to increases when going to higher lux levels (e.g. Furthermore, compared to our previous results [7, 8] which required chemical vapor deposition of high quality films compact blocking layers, not only performance is improved significantly but also achieved developing a completely solution processed ETL at low temperature which is conducive to low-cost high throughput and even web manufacturing.
Conclusion
We translate in a significant reduction of costs, both in terms of devices and maintenance, and also has a positive effect on the environment, reducing the impact associated to disposal of batteries [12] . At the moment, a huge number of electronic consumable products including RFID Tags, portable electronics, quartz oscillators, wireless sensor networks and wearable devices etc.
are available in the market which need power (10nW-20µW) [52] . Perovskite solar cells may be able to provide the solution and thus contribute to the rapid expansion of applications such as autonomous indoor wireless sensor networks or embedded systems, and the Internet of Things.
Experimental Section

Materials:
Tin 
Characterization:
The UV-vis absorption spectra were recorded using UV-vis 2550 Spectrophotometer from measurements. The EQE measurements were performed using IPCE (Incident Photon-to-current Conversion Efficiency) system (IPCE-LS200, Dyers) which has been calibrated using a UVenhanced Si detector (Thorlabs, 250-1100nm) [54] . Stabilized power conversion efficiency over time was measured at constant bias at the maximum power point voltage under AM1.5G, 1000
W/m 2 irradiation using the LabVIEW software.. During the MPPT measurements of cells, we fixed the number of IV cycles (both forward and reverse) and scanning time (100 seconds).
For the indoor measurements of the perovskite devices, a customized setup with a white LED lamp (Osram Parathom Classic P25 4W daylight) was used as a light source with the illuminance levels (200 lx and 400 lx) adjusted by changing the distance of the samples from the LED light source as described in reference [7, 9] . In order to determine the different illuminance conditions prior to each measurement, we used a National Institute of Standard and Technology NISTtraceable calibrated Digisense 20250-00 light meter (due to its high level of accuracy). At each lux level, we also previously measured the irradiance spectrum with the International Light Technologies ILT900 NIST-traceable calibrated spectroradiometer from which the optical power density can be extracted to estimate the power conversion efficiency. In addition we also carried out integration of the EQE with the irradiance spectrum to verify that the Jsc was within the range of the experimental error of our measurement system [9] . Additionally, the geometric relation between the diameter of the light bulb, the distance from it to the platform, and the active area of the solar cell means that in the worst case (illumination equal to 400 lx where the sample is closest to the light source), the deviation from the normal angle of incidence on the sample is only 3.2 o . The uniformity of illumination of our system is comparable with class B solar simulators [9] . Finally, we used a black scotch mask with aperture area equal to active area of solar cell during all measurements (area=0.1 cm 2 ). 
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